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INTRODUCTION

The focus of research in discrimination in recent years has shifted

toward the development of techniques based on high frequency regional phases.

This has occurred because it has become apparent that long period

discriminants will always suffer from uncertainties due to tectonic release

and because decoupling is believed to be more efficient at long periods. The

shift to regional rather than teleseismic phases is necessitated by the fact

that very small events will need to be identified to monitor a low threshold

or total test ban treaty. Research in this area has consisted almost entirely

of the development of empirical and semi-empirical methods of separating

earthquakes from explosions using high frequency data alone. Pomeroy et al.

(1982) have reviewed these efforts and report that, as yet, no highly

successful discriminant has been found. Moreover, those discriminants that

appear to perform reliably under one geographic set of circumstances fail in

others. The spectral discriminant of Murphy and Bennett (1982) is one good

example of this (Blandford, 1982). The fundamental idea behind the research

being performed in this effort is that the longer period information recorded

at a site, even though it is not used for discrimination itself, can be used

to calibrate regional discriminants.

It can be anticipated that when a regional station is installed at a new

site the potential for discriminating events using data from it will be

relatively low. However, it will begin to record broadband signals from

regional events almost immediately. Most of these events will be reliably

identified as earthquakes or explosions using current discrimination



technology. In this study, we demonstrate how the signals from these local

events can be used to establish the characteristics of regional wave

propagation that most influence discrimination procedures. As the signals

from these events are analyzed, regional discriminants will become better

calibrated and the data from the station will increase in importance with

regard to discrimination. The procedure might be described as bootstrapping

the accuracy of a regional discrimination methodology.

In this, the initial phase of the work, we have worked with regional

signals at stations in the western U.S. Because of the long history of

intense seismological study of this area, we have the results of many previous

studies to draw on. Those of most importance in this work are those of long X

period P,, waves initiated by Helmberger and Engen (1980) and followed by

Wallace et al. (1981, 1983). The term Pal wave refers to the long period

signal arriving in about the first one to two minutes of the P wave. The

onset would be described as the classical Pn wave, and it is followed by the

long period PL wave which moves at a substantially slower velocity. The

composite signal is Pa1 . The phase turns out to be remarkably stable so that

it can be easily modeled to high accuracy. In general, it is a long period

signal, and it is of no direct use to solving the high frequency

discrimination problem. But the result of a program of long period PnJ

modeling is a capability of predicting for any observed high frequency signal

a corresponding long period signal. This capability does not depend on how

small the event causing the signal was. This synthetic long period signal can

be used as an envelope of the much more complex high frequency signal to guide

p.

in how to most efficiently interpret it.
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In this study, we have investigated how the P,, envelope can be used to

aid in discrimination analysis of high frequency P9 arrivals. We show that

the P. phase has an interesting substructure. It can be thought of a as

series of arrivals which we have named crustal resonance phases. These

subphases are composed of groups of rays with very similar travel times. Some

of these groups of rays are dominated by depth phases, others by converted

phases and still others by high order crustal multiples. It is reasonable to

expect that those crustal resonances strongly influenced by depth phases or S

to P converted energy will have a high discrimination potential.

We begin by showing some observed and theoretical examples of crustal

resonance phases. Then we present a discussion of general regional body wave

propagation in the western U S. We present observed and synthetic profiles of

Pn, waves from NTS explosions and the nearby Caliente earthquake, and finally

a discussion of how current methods of P. analysis needs to be generalized to

enhance discrimination capabilities.

At
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BROAD BAND REGIONAL RECORDS IN THE WESTERN UNITED STATES

The events used in calibrating a regional station do not need to be

large. As an example, let us consider a small event which occurred in Idaho

on October 29, 1983 as it was recorded at the RSTN station RSSD. Its

magnitude was only mb-5.4, but it produced a good signal 800 km away as shown

in Figure 1. The three components of motion are shown there for the long,

intermediate and short period channels. These data illustrate of why it is

important to use long period data to provide a structure within which short

period data can be more fully understood. The station is naturally rotated

with respect to the event, so that SH motion appears almost exclusively on the V

NS channel and P-SV energy on the EW and Z channels. In the long period
S

records, the motions are consistent with a stratified earth structure. A

clear P wave appears first on the Z and E channels while the first long period

signal on the N channel is the SH which is followed by a simple Love wave.

Thus the long period information can be interpreted using the powerful

analytic tools appropriate for use in a stratified structure. In the

intermediate channel, the particle motion is less well behaved. There is a

small signal on the transverse component at the P arrival time which grows at

the Pg arrival. There is still a distinct SH pulse followed by Lg and the Love

wave. On the short period channel, the P signal appears with equal power on

all components. The particle motion is completely inconsistent with a %

stratified velocity structure. Making discrimiration decisions based on the

incoherent signals in the short period band is very difficult. The more

coh,-rent energy from reference events it the other two bands needs to be

utilized to the fullest possible extent in arriving at correct event

discrimination.

4



LONG PERIOD INTERMEDIATE PERIOD SHORT PERIOD

Figure 1. Three component observations of a small Idaho earthquake at station

RSSD (range 700 km) in three different period bands.
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One of the difficulties in relating infor.at. on fr.m long pf'riod signals

to that in short period signals is that, b ce ot the different physics

controlling wave propagation in uhe two !mnds i cherert propagation in a

layered medium vs semi -scattered or 6i f tusi .'e pr,pagation) , different

nomenclatures have evolved for descritning siral: with the same arrival time

in the two different bands. it i . iiportant or th- purposes of this

discussion to clarify some of this no'Tinclature.

The first 90 seconds of the vrt: &l s;!tiait; frorm Figure 1 are displayed

in a column in Figure 2 on an expan6ii ' ai.The long pfriod signal shown

at the top contains two clear pulses 7he first .s - clssical P. arrival, or

a head wave propagating along tr. t r '. antife irterfece. The second arrival

is called a PL wave and was first sti.:died iii detail 1v Oliver and Major

(1960). It is generated by long pei.od energy traoped and reverberating within

the crust. PS type head waves alse eontr bii : rtrn.iv to the long period PL-

At the bottom of the figure is shown t'e sbo~ct period signal which contains a

large numbei of sub-arrivals. Th first arriving energy is generally called

Pn, but its relationship to the long p o P. arrival is relatively weak. As

noted earlier, its particle notion ;s lnc'nsistent with pure compressional

motion, and its amplitude Is also npch too l-,g as comipared to theoretical

predictions for a hilyh fr-equvn2- b.-. la-F e burst of coe -tv on the

short period channel aooit :I q1 a rr i geo i le 1y called

P . Its duration on tl,- -' i -. -. --, ---- iger than the

duration of the tourc 5, '. 'l ' . . , - ar it's depth

phases. It can be i,"fnrr,-d ,:r Iis : c, , - v - n e n, o'K te phase P8

must be traveling al.cg vetr, o, di0 ert'ed: r,-a- It will vrobably be

necessary to analyze it. K. terr.s K - - ... -' - r -,.;- mdc, etand it



VERTICAL

LONG PERIOD

INTERMEDIATE
PERIOD

SHORT PERIOD

15 sec

Figure 2. Vertical channel P waves from the small Idaho earthquake at RSSD

displayed on the same time scale. The first arrival is Pn and the second is

P9.
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Another name for another arrival that is often discussed in ray modeling

studies of regional P waves is the phase PmP. This is the reflected arrival

from the crust mantle transition. At ranges past the critical distance, it is

the reflection associated with the Pn head wave. In an important study on

western U.S. regional wave propagation, Langston and Helmberger (1974)

demonstrated that the PmP arrival coincides with the beginning of P8 . In this

work, we show that there is a close relationship between PmP and the onset of

P8 and that understanding and exploiting this relationship might easily lead

to enhanced discrimination capabilities.

Intermediate period data channels like those in the new digital stations

have not been in operation for any great length of time. Thus there have not

been many studies of data from them, and no separate nomenclature for phases

observed on them has been developed. In this work, we introduce the "crustal

resonance phase" which is perhaps best observed on this channel. Referring to

the intermediate period data in Figure 2, we find that the Pn arrival appears

relatively deterministic and is followed by moderate coda up to the P8 or PmP

arrival. The first P8 appears to be made up of a series of heavily

interfering pulses and is then followed by a series of resonance phases at

about every 10 seconds. There are corresponding maxima in the envelope of the

short period signal on the bottom. We will provide a possible interpretation

of these resonances in following sections.

An appropriate technique for computing synthetic seismograms at regional

ranges at long periods is the one presented by Helmberger and Engen (1980) for

computing Pni waves. In these calculations, the crust is represented as a

uniform layer and its response is computed by summing large numbers of %

,- !@e *.:V2. -:.e



generalized rays. Records from the intermediate channel of the RSTN are by no

means long period and must certainly he sensitive to some of the detailed

structure of the crust. Nonetheless, it is informative to compute synthetics

using this approach. A comparison between the intermediate period vertical

and radial records from RSSD and P., synthetics is shown in Figure 3. The

mechanism of the event is unknown, but it is an aftershock of the October 28,

1983 Borah Peak event in eastern Idaho which had a normal mechanism. The

synthetic shown in the figure is for a 450 dipping normal fault. The match of

the Pn waveform is reasonable given the approximations wnich have been made.

An initial two pulses are observed in the records and predicted in the

synthetics though the first pulse is much smaller in the data than the

* synthetics. The synthetics also predict a series of resonance phases much

like those observed in the data. At the beginning of the P8 or PmP arrival,

the match is good enough to suggest that with some fine tuning of the crustal

structure some deterministic modeling might be possible. In the following, we

will discuss the origin of crustal resonances and explore the possibility of

modeling them.

F
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IDAHO EARTHQUAKE ON RSSD-IP

OBS. Z

SYN. Z

Resonance
Phases

20 sec

---J'-. r/ ~OBS. R

SYN. R

Fig-are 3. A comparison between observed and synthetic intermediate period P
wave records from the small Idaho earthquake. The synthetics were computed
using the methodology of Helmberger and Engen (1980). The arrivals we propose
to call crustal resonance phases are indicated.
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REGIONAL WAVE PROPAGATION IN THE WESTERN UNITED STATES

Before commencing with further discussion of crustal resonance phases, it

is appropriate to review the general subject of regional wave propagation in

the western U.S. This will clarify why the layer over a half space, P,

calculations of Helmberger and Engen (1980) are so relevant. It will also

provide insight into how discrimination techniques developed in the western

U.S. might need to be modified to be translated to other areas.

It has been shown in a series of studies that the Pn1 formalism for

computing synthetics is valid in the western U.S. for ranges beginning when

the P, crosses over to become the first arrival out to ranges of about 11 or

120. This corresponds to about 150 to 1300 km. Because of the high

seismicity rate and dense instrumentation of the area, there have been many

earth structure studies carried out there over time including refraction

surveys (Pakiser, 1963), modeling studies of the lid and low velocity zone

(Helmberger, 1973) and modeling studies of the upper mantle (Burdick and

Helmberger, 1978). A composite model from several of these studies of the top

200 km of the earth is shown in Figure 4. The refraction surveys have shown

that the crust has a relatively weak gradient and does not exhibit any

consistent evidence for a mid-crustal or Conrad discontinuity. The uniform

crustal layer shown in the figure is the one used by Helmberger and Engen

(1980) for their calculations. Though the crust does undoubtedly have some

velocity gradient, this will not have a large effect on body waves propagating

almost vertically through it. This vertical propagation condition is

satisfied at ranges past Pn crossover. The lid in the western U.S. has a weak

%i
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Figure 4. A realistic layered velocity model for the crust and upper mantle

in the western U.S. At short ranges, the structure is effectively a layer
over a half space. At greater ranges, the structure appears to have a smooth
positive gradient.
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or nonexistent gradient and the study of Helmberger (1973) shows that it is

underlain by a substantial low velocity zone. The LVZ extends downward to

about 175 km where the P velocity finally once more exceeds that of the lid.

In a structure such as the one in Figure 4, the strong discontinuity at

the base of the crust forms an efficient energy trap. The weak lid gradient

and low velocity zone cause an effective shadow zone. The Helmberger and

Engen (1980) procedure for modeling the trapped energy entails summing all

possible generalized rays in the layer over a half space which arrive within

the time window of interest. This typically involves as many as 4094 separate

generalized rays for a time window of 90s. In the Burdick and Helmberger

(1978) approach to modeling energy from the mantle, only one generalized ray

(the direct reflection is computed from each velocity layer from the lid

downward. Burdick and Orcutt (1979) have shown that this is an acceptably

accurate approximation. The relative contributions at regional ranges of

energy trapped in the crust versus energy turning in the mantle are shown in

Figures 5 and 6. Figures 5a to 5c show Green's functions computed from just

the generalized rays trapped in the crust. Solutions are shown for the three

fundamental double couple fault types with an assumed source depth of 8 km in

the crust layer. The long period precursor is made up of various head waves

beginning with P,. The sequence of high frequency crustal resonance phases

initiates with the PmP energy. In a generalized ray context, these would be

thought of as head wave and reflected contributions from the same generalized

ray. Comparable Green's functions are shown in Figures 6a to c with the

addition of the primary rays from the upper mantle. They exhibit modest high

frequency arrivals near the front of the Green's functions beginning at about

13



VERTICAL STRIKE SLIP

GREEN'S FUNCTIONS

600km

Layer over, half space

,p

1000.,

1400

I

30 sec

Figure 5a. Green's functions for a layer over a half space computed using the
methodology of Helmberger and Engen (1980).
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Figure 5b.
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450 DIP SLIP

GREEN'S FUNCTIONS

~half space
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1400

30 sec

Fiqure 5c.
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VERTICAL STRIKE SLIP

GREEN'S FUNCTIONS

600 kmn

Layer over 'p

Upper Mantle

30 sec

Figure 6a. Green's functions for the model shown in Figure 4. The ray sets
specified by Helmberger and Engen (1980) were computed for the top layer while
only the primaries were computed for deeper layers.
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Figure 6c.
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1000 km, but this energy does not become highly significant until about 1200

km. The crustal resonance phase section of the time series remains similar at

all ranges shown in Figures 5 and 6.

A simple layer over a half space is a highly simplified model.

Nonetheless because of the weak lid gradient and the low velocity zone in the

western U.S., such a model can be used to produce accurate synthetics. Figure

7 shows a profile of observed records at WWSSN stations from two western U.S.

events that clearly exhibits the wave propagation effects predicted in Figure

6. At close ranges, the signals have an emergent, long period onset followed

by a large PL oscillation. At ranges beyond 1200 km, the arrivals have a

sharp, high frequency beginning and the PL energy moves substantially back in

the trace. In the following sections, we will discuss the development of

crustal resonance phases in a layer over a half space and illustrate why they

have a high potential for aiding in discrimination decisions.
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Figure 7. Typical records from two strike slip earthquakes (El Golfo and

Truckee) in the western U.S. Displayel as a function of range. The first ]

energy is emergent at closer ranges since it is long period Pn. It is sharper NS-

at greater ranges since it eventually becomes a turning ray in the upper

mantle.
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CRUSTAL RESONANCE PHASES

A generalized ray representation of the response of a crust model is

particularly well suited for determining exactly how prominent arrivals such

as crustal resonance phases are being excited. The Green's function can be

built progressively by adding in more rays until the feature of interest

emerges. Figure 8 shows the response of the Helmberger and Engen (1980) crust

model at a distance of 1000 km being constructed through sequential ray

addition.

Two of the four fundamental Green's functions are shown; vertical strike

slip on the left and vertical dip slip on the right. These two fundamental

Green's functions produce the most variable Pnj waves because they have the

strongest variation in vertical radiation pattern as shown at the top.

Results from this figure apply equally as well to the other two fundamental

Green's functions. The response due to Just the direct P and S rays is shown

first. Then we show the effect of adding in all rays with Just one

reverberation in the crust along with associated depth phases (PmP, pPmP, SmP,

sSmP etc.). The third response is for two reverberations in the crust wit.

depth phases, the fourth for four and so on. The number of additional rays in

each iteration is indicated. The number of rays grows so rapidly with each

iteration that considering any more than 5 reverberations would be

impractical. Fortunately, it appears that the long period onset of the

Green's function stops evolving after three reverberations are added in.

About the first 20 seconds of the high frequency P. seems to have stabilized

also, and this is all that is necessary for the purposes of this study. The

crustal resonance phases appear most clearly in the strike slip Green's

'4
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STRIKE - SLIP DIP-SLIP

%S

R Ray Summation R

*R S

(2) z

1-30sec--I

(12)

(48)

Total (4094)

Figure 8. Green's functions computed using the methodology of Helmberger and-%
Engen (1980). Successive rows are computed by adding in more crustal
reverberations as indicated. The strike slip and dip slip results vary
substantially because of the difference in vertical radiation pattern.
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functions on the left. It is clear from the way that the early resonances

appear after just a few rays are added in and do not change, while later

resonance phases appear only when additional reverberations are considered,

that the rhythmic pattern of resonance phases is caused by complicated

interferences of rays with successive numbers of bounces in the crust.

We shall examine the composition of the first two resonance phases in

more detail. Still referring to Figure 8, we note in the top trace that the

direct rays contribute a long period arrival at the time of the first crustal

resonance which appears to be composed of two pulses. Further analysis shows

that these two pulses are direct P and the SP head wave along the free

surface. The resonance phase almost develops completely after the first order

reverberations are included and stabilizes entirely after two. In Figure 9,

we compare the four fundamental Green's functions generated from all 254 rays

in the first three crustal reverberations to responses generated from those 6

rays which contribute most strongly to the first crustal resonance phase.

These rays are listed in Table 1. As expected, they include PmP, SmS and

their unconverted depth phases pPmP and sSmS along with the direct waves. As

shown Figure 8, the direct phases cause a long period pulse. The high

frequency character of the first crustal resonance phase is controlled by the

strong interference of PmP and SmS with their depth phases.

The two most important source characteristics on which an effective

discriminant might be based are event radiation pattern and event depth. The

possibilities for basing a radiation pattern discriminant on the first

resonance phases may be assessed by comparing the explosion arrival to the

three fundamental double couple arrivals. An arbitrary double couple Green's

24
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FIRST CRUSTAL RESONANCE PHASE

254 Roys
~Expl.

6 Rays

-I s t C.R.P.

\I v.D.s.

V. D.S.

0\ lb[ I

Figure 9. Analysis of the composition of the first crustal resonance phase.
The lower traces which contain most of the energy in the first C.R.P. were
computed with only the 6 rays listed in Table 1. The upper traces were
computed from a much more complete ray set.
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RAYS IN THE FIRST RAYS IN THE SECOND
CRUSTAL RESONANCE PHASE CRUSTAL RESONANCE PHASE

P PmS
S SmP
PMP pSrnS
pPmp sPmP
SrnS PmPSmS
sSmS SmSPmP

PmPSmP
PmSPmP

I

Table 1.
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function could be represented as a weighted sum of the the fundamental three.

A strike slip earthquake would clearly be the most difficult to distinguish

from an explosion based on radiation pattern. The vertical dip slip resonance

phase is longer in period and is interfered with more strongly by other

phases. The actual first resonance phase pulse is labeled "a". We shall

discuss the origin of the second peak labeled "b" when investigating the

composition of the second resonance phase. The 450 dip slip event Green's

function has a reversal in polarity with respect to the explosion and also

exhibits the "a" and "b" peaks. It would thus seem that a measure of the

first crustal resonance phase complexity could turn out to be a reasonable

radiation pattern discriminant for separating dip slip earthquakes from

explosions and strike slip earthquakes. Other discriminants would be needed

for further separation of the latter two types of events. The layer over a

half space model does not predict any substantial variation of the Green's

functions with the range of source depths between explosions and earthquakes.

However, in the real earth there are strong gradients near the top of the

earth which amplify depth effects. The properties of the first crustal

resonance phase may thus still provide some strong depth discriminant

potential. We will discuss this possibility in a later section.

The rays important to the second crustal resonance phase are given in

Table I and the response from just these rays is compared to the complete

Green's function in Figure 10. Interestingly, the second resonance phase is

not dominated by rays with a complete extra reverberation in the crust but by

those which have at least one converted leg. It appears that a radiation

pattern discriminant based on the second crustal resonance phase would again

be most effective in separating just dip slip events from explosions and
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SECOND CRUSTAL RESONANCE PHASE

Expl.

V. S. S.

V. D. S.

10 sec

450D.S.

Figure 10. Analysis of the composition of the second crustal resonance phase.
The lower traces which contain most of the energy in the second C.R.P. were
computed using only the 8 converted rays listed in Table 1. The upper traces
were computed from a much more complete ray set.
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strike slip events. The arrival labeled "b" in Figures 9 and 10 turns out to

be a converted phase and therefore more appropriately grouped with the second

crustal resonance. It is, however, caused by sPmP and therefore arrives close

to PmP for shallow sources. Again, depth effects are strongly under predicted

by a layer over a half space crust model, so it is difficult to determine

whether the second resonance phase has discrimination potential based on

source depth.

2
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OBSERVATIONS AND MODELS OF CRUSTAL RESONANCE PHASES

In the preceding, we have shown that crustal resonance phases have a high

potential for enhancing discrimination capabilities. In this section, we

demonstrate that they are stable enough at intermediate to long periods

(perhaps 2 to 50s) so that they can be reliably predicted. This implies that

it would be very reasonable to predict a synthetic Pnj record for an event too

small to produce any long periods itself and that this synthetic could be

reliably used to aid in the analysis of the observed signal. The data sets we

will consider contain WWSSN records from several different NTS explosions and

from a moderate sized earthquake which occurred very near to the test site.

We begin with the explosion.

Figure 11 displays the P., observations from NTS as a seismic section.

The closest observation is from DUG at a range of 453 km and the most distant

is from LUB at a range of 1386 km. All but the first trace are the vertical

component, but both data and synthetic P.1's exhibit only slight differences

between the radial and vertical motions. It was necessary to compile the data

set from several different source events since no one event was recorded well

at every station. The vertical line is the estimated first arrival time and

the other line shows the predicted move out of PmP for the Helmberger and

Engen (1980) layer over a half space crustal model. The abrupt change of

frequency content signaling the arrival of P. at the PmP arrival time is

apparent in all traces except LON. The P, appears initially as a very long

period phase but then becomes much sharper at ranges past 1000 km just as did

the signals in Figure 7. The first arrival at these larger ranges is

penetrating the low velocity zone and turning against the positive gradient in
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TV

NTS EVENT Pn, RECORDS.

DUG-LPE
453 km- SCOTCH

TUC-LPZ
758 FONTINA

ALQ-LPZ
937 FONTINA

1003 GOL-LPZ
FONTINA

1140 -OLON-LPZ
1140 COLBY

LUB-LPZ1386 
COLBY

20 sec

Figure 11. Long period WWSSN records of NTS blasts at regional ranges
displayed as a seismic section.
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the upper mantle. As it does so, it begins travelling faster than P, so that

at the greatest ranges the separation between the first arrival and P. is no

longer predicted by the layer over a half space model.

It is necessary to equalize the explosion records to a common source time

history since we are not interested in effects associated with variations of

this sort. To do so we use the procedure outlined by Murphy (197), however we

use the alternate source time function and scaling laws given in Burger et al.

(1987). We chose to correct the events all to a common size of 1000 kt. The

yields for unannounced events were estimated using the magnitudes and

magnitude yield relation given in Burger et al.(1988). The source equalized

records are shown in Figure 12. A comparison between Figures 11 and 12

demonstrates that the effects of variation in yield are not strong. As a

final step in the processing of this seismic section, we wish to equalize the

records for direct comparison with those from the earthquake. As we discuss

in the following, a good representation of the source of the earthquake is a

trapezoid with rise and fall times of .4s and a level time of .5s. In Figure

13, we show the explosion record section with this source function convolved

through. To directly equalize the records to the earthquake records, we would

need to deconvolve the explosion source. Unfortunately, this is a numerically

unstable process which apparently introduces spurious features. As an

alternative, we will cross convolve the sources; that is we shall convolve the

explosion records with the theoretical earthquake source and the earthquake

records with the theoretical explosion source. That way all records will

approximately contain the effects of both sources. A comparison of Figures

11, 12 and 13 shows that all of these source corrections have very little

impact.
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SOURCE EQUALIZED (1000 kt)

NTS EVENT Pnj RECORDS
I

453km UG-LPE
SCOTCH

PnP

TUC-LPZ

758 FONTINA

ALQ- LPZ
937 FONTINA

1003 GOL-LPZ
FONTINA

H40 LON-LPZ
COLBY

13 86 LUB-LPZ
COLBY

C20 sec

Figure 12. The NTS regional seismic section corrected to a common explosion

source time history.
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CROSS CONVOLVED

NTS EVENT Pnl RECORDS
I

1.

DUG-LPE
453 km SCOTCH

Pn I€ m

TUC-LPZ
758 FONTINA

ALQ-LPZ C.
937 FONTINA

1003 GOL-LPZ
FONTINA t

1146 LON-LPZ
COLBY

1386 LUB-LPZ
COLBY

20 sec

Figure 13. The NTS regional seismic section convolved with the theoretical
source time function for the Caliente earthquake.
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The earthquake re-ords we shall analyze are from the 8/16/66 Caliente

earthquake (mb - 5.6). Tt was previously studied by Wallace et al.(1983) who

provided a focal mechanism and source time history for it. It is their

trapezoidal time history which was used above to generate the cross convolved

section of explosion observations. The event was shallow with a strike slip

mechanism and was located about 150 km east of the northeast corner of NTS.

The P,, records from the event are displayed in a seismic section directly

comparable to the explosion section in Figure 14. The long period Pn train

moving ahead of the P. is very clear once again. It is of some interest to

compare the LUB records in the two sections. In the Caliente section, the

station is closer to the source by 191 km, so the first arrival remains

emergent. The first arrival to PmP lines correctly predict the onset of P.

and the P8 energy is much larger than the P.. None of these factors are the
9N

same at the greater distance for the explosion because the first energy has

begun to speed up and turn against a positive mantle gradient. It should be

noted that in both of these sections the record at GOL comes from a longer

period instrument (30-90 vs 15-100). To equalize the records to the explosion

records we convolve in an estimate of the explosion source. The resulting

traces, shown in Figure 15, are just slightly smoothed from the original. The

differences in the records in the 'ross convolved sections in Figures 13 and

15 should reflect primarily the differences in radiation pattern and in source

depth. This is the type of information on which it is most likely that we .5

will be able to base more effective types of discriminants. The most striking

difference is that even after source equalization the explosion resonance

phases appear to be higher in frequency content. This is the type of effect
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CALIENTE EARTHQUAKE

Pnl RECORDS

333 km DUG

/PL

645 TUC

711 BKS

811 GOL

Pn Po

1195 LUB II

20 sec

Figure 14. Long period WWSSN records of the Caliente earthquake at regional
ranges displayed as a seismic section.
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CROSS CONVOLVED

CALIENTE EARTHQUAKE

Pnl RECORDS

333 km DUG

711 BKS

811 GOL

PmP
Pn

1195 LUB

II

20 sec

Figure 15. The Caliente regional seismic section convolved with the
theoretical source time function for a 1000 kt nuclear event.
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one might expect to occur due to the significant differences in source depth.

The cause of this shift in frequency can be explored through synthetic

seismogram m-Aeling.

We begin with a discussion of the earthquake records because they are

easier to explain. The synthetics are computed by assuming the source

mechanism and time function of Wallace et al. (1983) and computing Green's

functions following the methods of Helmberger and Engen (1980). A frequency

independent t* of 0.25s is assumed for all rays since no more sophisticated

assumption is warranted. A comparison between the data and synthetics for 7

different stations is shown in Figures 16a through g. The traces are shown on

a large scale because we wish to show that some of the fine details in the

data and synthetics associated with the arrival of the crustal resonance

phases correlate very well.

The closest station, DUG, is shown first. The Green's function is shown

at the top, the observed trace in the center and the synthetic at the bottom.

The first vertical line signifies the first arrival and the second shows the

time for PmP predicted by the layer over a half space crust model. The

observed record at DUG is perhaps the most poorly fit of the earthquake

records because it contains more high frequency than is predicted by the

synthetic. In this case, we only argue that the synthetic correctly predicts

the onset of Ps and that this is the time of arrival of the first crustal

resonance. The synthetic also predicts the long period character of the data.

In cases like this, it should be a least possible to compute synthetics, use

them as a guide to identify times at which important information is arriving

in the signal (i.e. depth phases) and to try to build a discriminant from this
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DUG-LPZ 333 km CALIENTE

P-- PMP

10 sec

Figure 16a. A comparison between observed and synithetic P.1records of the

Caliente earthquake. The Green's function is shown at the top, the data in
the center and the synthetic at the bottom. The vertical lines show the
arrival of P. and PmP.
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TUC-LPZ 645 km CALIENTE

Pnmm

10 sec

Figure 16b.
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BKS-LPZ 711 km CALIENTE
Pn Prop

.

Figure 16c.
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ALQ-LPZ 748 km CALIENTE

I Figure 16d.
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GOL-LPZ 811 km CALIENTE

Figure 16e.
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LUB-LPZ 1195 km CALIENTE
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LON-LPZ 1213 km CALIENTE

Figure l~g.
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information semi-empirically.

The second record at TUC is fit much more closely. The match of the

double-peaked structure at the arrival time of the first crustal resonance is

quite remarkable. Features specifically associated with the arrival of the

second crustal resonance are also apparent. The close match demonstrates that

we can deterministically predict in records from the western U.S. the arrival

time of depth phase information and converted phase information. The short

period records from small events could be scrutinized in these time windows in

order to discriminate those that are probably explosions. It is also

important to note that the general frequency content and complexity of the

crustal resonances is well matched. We will show that this is not the case

for explosions. The fit at BKS in Figure 16c is not as close in detail, but

there are certainly hints of the arrival of crustal resonances. Again the

period and complexity of the resonances is well matched. The fit at ALQ in

16d is again remarkable. Deterministic features associated with the crustal

resonances are very clear. At the last three stations, GOL, LUB and LON., the

matches are only average, but as as before the period and complexity of the

resonance phases are well modeled.

A similar comparison between synthetics and data for the explosion

observations is shown in Figures 17a to h. In the earthquake calculations,

the source depth was set at 8 km and for the explosion at 1 km. It was found,

however, that variations in source depth of this order have almost no effect

on the Pl synthetics. The reason is that the travel times of the rays can be

expressed as

T = pr +yhq
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DUG-LPE 453 km SCOTCH

P n PrrP

,.4

I

10 sec

Figure 17a. A comparison between observed and synthetic Pn, records of the
NTS events. The Green's function is shown at the top, the data in the center
and the synthetic at the botcom. The vertical lines show the arrival of P"
and PmP.
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TUC-LPZ 758 km FONT INA ,

Pn ProP
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ALQ-LPZ 937 km FONTINA

Pn Pmp

Figure 17c.
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CORLPZ 994 km KASSERIU
Pn PmS

PmP

I%

Figure 17d.
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GOL-LPZ 1003 km FONTINA

10 sec
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BOZ-LPZ 1007 km GREELEYPn PrnP
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Figure 17f. S
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LON-LPZ 1140 km COLBY
PnPrP,

PmP

'

0 sec

Figure 17g.
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LUB-LPZ 1386 km COLBY

10 sec 
J

Figure 17h.
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where p and q are horizontal and vertical slowness, r is horizontal range and

h is the vertical extent of the "i"th ray leg. As r becomes long with respect

to the h's the vertical slownesses become very small. A perturbation in depth

would simply advance or delay rays by qdh. For a perturbation of 10 km or so,

this is a very small number. We will discuss the effects of depth

perturbation further in the following section. The source used in the

explosion calculations is the same one used in equalizing the explosion

records in the seismic section (Burger et al., 1988). The synthetic

predictions shown in Figure 17 must certainly be considered a failure given

the high success at predicting fine details and general complexity and period

of the resonance phases in the earthquake records. The synthetics are much

too simple in character and in most cases too low in frequency content to

explain the observations. This is apparently true for P. as well as the

crustal resonance phases. The modeling formalism has broken down. We

illustrate the reason for this in the final section.
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IMPROVED METHODS FOR COMPUTING ki

It has been noted several times that the simple, layer over a half space

model used to compute the Green's functions fails to predict any strong source

depth dependence. Yet such effects would intuitively be expected to occur.

In Figure 1?, we compare the Helmberger and Engen (1980) crust model to a

realistic crustal model for NTS. The top of the model is based on the

modeling studies of near field data utilized by Burger et al.(1987). A slight

crustal gradient down to the Moho has been added. The simple model does not

contain the drop in velocity by a factor of about 3 which is well known to

exist at the earth's surface. It is clear that the long period response of

the two models should be just about the same. However at short periods, the

waves will react to the strong gradient. Since the velocity in the top of the

realistic model is much lower, rays will be bent toward the vertical, the

details of mode conversion will change markedly and the relative timing of the

rays will be altered. It would be desirable to simulate these effects exactly

using a purely theoretical approach. However, it is impractical to continue

to use generalized rays to do so because of the large number of interfaces

involved. A wavenumber integration would be possible, but this method

requires extensive computing to carry the calculations to high frequency. The

goal of this discussion is just to explain the breakdown in the Pn1 computing

methodology, so we will use a semi-empirical approach to correcting for the

effects of the surface gradient. The results we present are probably not

highly accurate, so we intend to test them further in later work.

The physical effect of the strong near surface velocity gradient will be

to cause the depth phases to develop more strongly at shorter ranges than in
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Figure 18. A comparison between a realistic and 
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the layer over a half space model. This suggests that we might wish to use an

appropriate observed record from regional ranges as an effective source. We

would like to select this record so that it contains the effects of the source

time history, the free surface interaction, the instrument and attenuation.

We would like the rest of the propagation effects on the pulse shape to be as

minimal as possible. Likely candidate records are found at regional distances

where the first arrival has penetrated the low velocity zone and begun to turn

against the upper mantle gradient as shown in Figure 4. Two such observed

first arrivals are shown at the top of Figure 19. The Caliente earthquake

record from LON. (1213 km) is shown on the left and the COLBY explosion record

from LUB (1386 km) is shown on the right. These signals appear very much like

teleseismic records implying that the response of the earth away from the

source is very much like a delta function. In the second row of the figure

are shown P waves from beyond 300 for the two events. At these ranges the F

waves turn in the smooth lower mantle and the response of the earth is known

to be very well approximated by a delta function. The high correlation of the

first and second row traces is clear. In the bottom row are synthetic traces

appropriate for 300 computed using simple plane wave theory. The P and sP

arrivals typical of a shallow strike slip earthquake are indicated on the

left. It seems clear that the free surface phases are almost completely

developed in the LON. record from Caliente. It is interesting to note that

the LON. record appears more attenuated than the OGD record. This could be a

manifestation of the low Q in the LVZ where the LON. pulse spent a larger

portion of time. The synthetic for COLBY was computed using the structure

shown in Figure 18. The P and pP phases are identified. Again it seems clear

that the free surface interaction has developed completely by the range of

LUB, and that the LUB P wave should make a reasonable effective source. We
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DEPTH PHASE

INTERACTIONS

CALIENTE COLBY110 12"

LON 'SP LUB -

OBSERVED WU JV 2

! I
OGD -SP 30COL -P30

II

20 sec

V.S.S. EXPL.
300 300

.'Sp SYNTHETIC p

P-P-

Figure 19. Observed records for the Caliente earthquake and Colby explosion
at regional (top) and teleseismic (center) ranges compared to teleseismic
synthetics (bottom).
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wish also to note the additional ringing in the observed explosion records

after pP which is not present in the synthetic. We shall discuss the possible

causes for this later.

Computation of a synthetic seismogram using an effective source is

relatively simple. Most of the phenomena usually represented by operators are

present in the effective source time history. We need only convolve it with

the Green's function for the earth. Using this approach, we repeat the

calculation of explosion Pa1's shown in Figure 17. The results are shown in

Figure 20a through h. The new comparison of data and synthetic for DUG is

shown in 20a. As before, the predicted Green's function is at the top. This

time we show the effective source windowed from the LUB record at the right.

The window used to extract the pulse was a trapezoid with 5 s edges. The

improvement in the correlation between data and synthetic is quite strong.

The first crustal resonance phase now has the appropriate frequency content

and the general complexity of the P. is matched to a much higher degree. The

later crustal resonance phases are too large in the synthetics, but this is

not surprising given the crudeness of our approach for correcting for depth

effects. Here and in the later comparisons, the P, is now matched much

better. The match at TUC, ALQ and GOL are again better though problems with

the amplitude of the later resonances remain. The record at COR is poorly

matched though this is a very poor station site. At BOZ, the change in

frequency content at the PmP time is matched and at LON. and LUB, we see the

change in P to PmP timing due to the effect of the positive mantle gradient

just as before. The result of this simple numerical experiment is to show
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qPI

DUG-LPE 453 km SCOTCH

Pn PrrP

'I

I

10 sec

U ' '

Figure 20a. A comparison between observed and synthetic Pn, records of the

NTS events. The synthetics are computed using the effective source approach.

The Green's function is shown at the top, the effective source to the right,

the data in the center and the synthetic at the bottom. The vertical lines
show the arrival of P, and PmP.
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ALQ-LPZ 937 km FONTINA
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Figure 20c.
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Figure 20d.
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GOL-LPL 1003 km FONTINA
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Figure 20e.
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BOZ-LPZ 1007 km GREELEY
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10 secI

Figure 20f.
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LON-LPZ 1140 km COLBY

Pn m
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Figure 20g. .
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LUB-LPZ 1386 km COLBY

PmP

Figure 20h.
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that explosion Pnz's are much more strongly 
sensitive to depth than layer over

half space calculations indicate and that 
we may have a good chance of basing

a depth discriminant on them.
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DISCUSSION

Since only long period data have been explicitly collected and modeled

to this point in the study, no explicit new high frequency discriminants have

been developed. Yet, important progress has been made. It has always been

somewhat of a mystery why regional P. typically has such a long duration. Now

that it is clear that P. is actually built up from a sequence of crustal

resonance phases, this phenomenon is simple to explain. If each successive

resonance carries with it a typical amount of high frequency scattered energy,

the long duration and complexity of P. would be a natural consequence. Also

we have demonstrated that the crustal resonance phases for earthquakes are

deterministic to relatively short periods. This means that, except for the

effects of shallow structure on very shallow sources, the response of the P

earth is well behaved, and, at least in the western U.S., we could reliably

predict for any observed short period signal a corresponding long period

envelope signal. From this envelope signal, we could determine within a

second or two when important crustal resonances are arriving. By carefully

processing and analyzing information from these windows, we may be able to

develop the required new levels of discrimination accuracy. How these 0

discriminants would be designed will be the subject of future work. The "S

answer may be as simple as taking the ratio of the power in the first to the

second resonance phase.

The strong improvement in the match of data and synthetics for explosions

between Figures 17 and 20 indicates that a strong effort to base a depth

discriminant on crustal resonance phases should be undertaken. However, it is

unclear how to proceed in designing this discriminant. It may turn out that

i'd
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the durations of explosion crustal resonances will simply be shorter because

of the reduced time between the direct and surface reflected arrivals. There

are many unstable scattering processes which are significant at high

frequency, on the other hand, so it may be that only some average properties

of the signals will be diagnostic. In discussing Figure 19, we noted that

observed explosion signals often have a coda which is not predicted by

realistic plane layered models. Some three dimensional scattering phenomena

is clearly indicated.
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CONCLUSIONS

In this investigation we have made important progress in urderstanding

the substructure of the regional phase P. Through synthetic seismogram

analysis we have found that the complete arrival contains a sequence of

subarrivals which we have named crustal resonance phases. In terms of

generalized rays, successive crustal resonance phases are generated to some

extent by increasing order of the number of reverberations the rays have in

the crust. However, we have investigated the composition of the first two

resonance phases in detail and found that the first is generated by PmP, SmS

and their surface reflections while the second is generated by several first

order converted phases. It thus appears that each reverberation in the crust

can cause more than one resonance phase. Profiles of regional data from S

explosions and an earthquake have been collected and modeled with synthetic

seismograms. The earthquake data show that the crustal resonance phases are

stable and deterministic up to periods as short as I second. The explosion

data shows that the regional P. signal is much more sensitive to source depth

than layer over a half space calculations would indicate.
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